Introduction
============

Most chemicals exert their genotoxic effects when the primary DNA damage interferes with replication ([@bib23]). This is true for chemicals inducing bulky lesions or DNA cross-links, for simple methylating agents, and also for UV light ([@bib3]; [@bib33]). Methylating agents are powerful genotoxicants that induce chromosomal breaks and translocations ([@bib52]; [@bib43]). As chromosomal aberrations are caused by DNA double-strand breaks (DSBs; [@bib42]) and methylating agents do not induce DSBs, per se, it is thought that DSBs arise during S phase when replication forks encounter methylated bases. Thus, the current paradigm states that critical minor lesions such as N3-methyladenine (N3-MeA) block replication, which can lead to DSB formation by replication fork collapse and the generation of chromosomal aberrations ([@bib34]). Methyl methanesulfonate (MMS) is a model compound for methylating agents, which produces a wide spectrum of DNA methyl adducts. Methylations of nitrogens in the DNA are the key primary lesions, with N7-methylguanine (N7-MeG) comprising 82% of all DNA adducts, followed by N3-MeA with 11% and N3-methylguanine (N3-MeG) with 1.2% ([@bib5]; [@bib66]).

The most important pathway for the repair of *N*-methylated bases is base excision repair (BER; [@bib19]; [@bib49]). BER is initiated by the *N*-methylpurine DNA glycosylase (MPG; also known as AAG), which recognizes and removes N7-MeG, N3-MeA, and N3-MeG ([@bib47]). The resulting apurinic (AP) site is cleaved by apurinic endonuclease 1 (APE1), leading to the formation of a single-strand break (SSB; [@bib4]; [@bib22]). The next step of BER is performed by DNA polymerase β (Polβ), which inserts a nucleotide and creates 3′ and 5′ ends that can be ligated by DNA ligase III ([@bib59]). X-ray cross-complementing protein 1 (XRCC1) interacts with nearly all important BER factors and is believed to exert a regulatory or mediator function ([@bib64]; [@bib65]; [@bib9], [@bib10]; [@bib13]; [@bib45]; [@bib17]). XRCC1- and Polβ-deficient cells have been established that fail to complete BER and accumulate unrepaired SSBs at BER intermediates ([@bib62]; [@bib67]; [@bib50]; [@bib31]). Poly (ADP-ribose) polymerase 1 (PARP1) interacts with XRCC1 and Polβ, and PARP1-deficient cells also show unrepaired SSBs after MMS treatment ([@bib11], [@bib39], [@bib63]).

Here, we show that the formation of DSBs after MMS requires, in addition to S-phase progression, the induction of SSBs during BER. First, cells deficient in XRCC1, Polβ, or PARP1 activity, which all accumulate SSBs during BER, show strongly elevated levels of γH2AX foci compared with wild-type (WT) cells. Second, and most importantly, the formation of γH2AX foci immediately after MMS treatment is essentially abolished in MPG-deficient cells and in cells unable to cleave AP sites, which both do not induce SSBs during BER. We further demonstrate that XRCC1-deficient cells exhibit very high levels of chromosomal aberrations (chromatid breaks and translocations) and sister chromatid exchanges (SCEs) and show an impressive delay in S-phase progression. In contrast, MPG-deficient cells exhibit markedly reduced levels of chromosomal aberrations, although SCE levels and the degree of S-phase delay were similar to WT cells. This suggests that the formation of chromosomal aberrations after DNA methylation damage involves DSB induction at BER intermediates, most likely at SSBs, whereas SCE formation and delayed S-phase progression do not necessarily require BER and DSB induction. We propose that BER represents a double-edged sword; it is essential for removing potentially genotoxic base lesions, but also harbors the risk of forming DNA breakage and chromosomal aberrations when it collides with replication.

Results
=======

Disrupted repair of MMS-induced base damage leads to DSBs in S phase
--------------------------------------------------------------------

We analyzed the cell cycle dependence of DSB formation after the model DNA alkylator MMS by combining the technique of γH2AX immunofluorescence analysis with labeling of replicating A549 cells using the thymidine analogue 5-ethynyl-2′-desoxyuridine (EdU). EdU-positive S-phase cells exhibited high numbers of γH2AX foci that increased with increasing MMS concentrations. In contrast, γH2AX foci in EdU-negative G1- and G2-phase cells were only observed after high MMS concentrations ([Fig. 1, A and B](#fig1){ref-type="fig"}). We then investigated if foci formation depends on replication and treated A549 cells with a low concentration of the DNA polymerase inhibitor aphidicolin before adding MMS to the medium ([@bib26]). Under these replication-inhibiting conditions, γH2AX foci formation was strongly diminished ([Fig. 1 C](#fig1){ref-type="fig"}). Thus, γH2AX foci after MMS arise primarily in S-phase cells in a manner dependent on ongoing replication.

![**Disrupted repair of MMS-induced base damage leads to DSBs in S phase.** (A and B) γH2AX foci in MMS-treated A549 cells. Cells were treated with 10 µM EdU and different concentrations of MMS for 1 h. 15 min after removing EdU/MMS, cells were fixed and stained against γH2AX and EdU. γH2AX foci were assessed in EdU-positive S-phase cells and EdU-negative G1- and G2-phase cells (B, ±SEM from three experiments); G1- and G2-phase cells were distinguished by quantifying the DAPI signal using the Metafer Scanning System (Metasystems). Representative images for cells treated with 0 or 1.5 mM MMS are shown in A. (C) γH2AX foci under replication-inhibiting conditions. After EdU labeling for 1 h, A549 cells were treated with 1 µM aphidicolin (Aph.) for 1 h before MMS was added for an additional hour. 15 min after removing MMS, cells were fixed and stained against γH2AX and EdU. γH2AX foci were assessed in EdU-positive S-phase cells (±SEM from three experiments). (D and E) γH2AX foci in HU-treated A549 cells. After labeling with 10 µM EdU for 1 h, cells were treated with 0.5 mM HU for the indicated times, fixed, and stained against γH2AX and EdU. γH2AX foci were assessed in EdU-positive S-phase cells (E, ±SEM from at least three experiments). For statistical analysis, γH2AX foci after HU treatment were compared with the untreated control. Representative images of the γH2AX signals after 2 and 24 h of HU treatment are shown in D. (F) γH2AX foci in CHO-9 WT cells treated with a specific PARP inhibitor (PARPi) and in XRCC1-deficient EM-C11 cells. Cells were treated with 10 µM EdU and different concentrations of MMS for 1 h. 15 min after removing EdU/MMS, cells were fixed and stained against γH2AX and EdU. Where indicated, cells were treated with 15 µM PARPi 1 h before EdU and MMS were added and PARPi was present until fixation. γH2AX foci were assessed in EdU-positive S-phase cells (±SEM from 3--4 experiments). In CHO-9 cells with PARPi and in EM-C11 cells, γH2AX foci numbers after 1.5 mM MMS were too high for exact enumeration. (G) γH2AX foci in CHO-9 neo (WT) and two MPG-overexpressing cell lines (T02-M5 and T02-M9) that show a twofold or 12-fold elevated MPG activity compared with WT cells. Cells were treated and analyzed as in F (±SEM from three experiments). \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JCB_201312078_Fig1){#fig1}

We then wished to investigate whether MMS-induced γH2AX foci represent DSBs or other structures such as stalled replication forks and first analyzed ATR-deficient cells. Single-stranded regions at stalled replication forks activate ATR, whereas ATM and DNA-PK are activated by DSBs ([@bib1]; [@bib69]; [@bib37]). Thus, γH2AX foci in ATR-deficient cells do not arise from stalled replication forks. Significantly, γH2AX foci induction was identical in WT and ATR-deficient cells and was abolished when ATR-deficient cells were treated with specific inhibitors of ATM and DNA-PK ([Fig. S1, A and B](http://www.jcb.org/cgi/content/full/jcb.201312078/DC1){#supp1}). We also analyzed ATM activation at MMS-induced lesions by Western blotting and observed phosphorylation of the ATM substrates KAP1 and Chk2 (Fig. S1 C). We next performed experiments with hydroxyurea (HU), an agent that depletes the cellular nucleotide pool and blocks cells within S phase ([@bib6]). After HU treatment times of a few hours, replication forks are transiently stalled, and replication is resumed upon HU removal. If HU treatment and replication stalling is extended over longer time periods (24 h), one-ended DSBs are generated by the action of the endonuclease complex Mus81--Eme1 ([@bib55]; [@bib28]; [@bib51]). After 2 h of HU, we observed a pan-nuclear γH2AX signal but no distinct γH2AX foci in S-phase cells ([Fig. 1, D and E](#fig1){ref-type="fig"}). In contrast, after 24 h, high numbers of γH2AX foci were observed ([Fig. 1, D and E](#fig1){ref-type="fig"}), which were significantly reduced after depletion of Mus81 by siRNA (Fig. S1 D). Mus81 depletion had no effect on the level of γH2AX foci after MMS treatment, indicating that MMS-induced foci are not generated by a Mus81-mediated process (Fig. S1 D). Collectively, these data demonstrate that γH2AX foci observed in S-phase cells at early times after MMS treatment mark DSBs.

We next analyzed the formation of γH2AX foci in XRCC1-deficient EM-C11 cells and CHO-9 WT cells treated with a specific PARP inhibitor (PARPi), both of which display a defect in repairing SSBs during BER. Low concentrations of 0.05 and 0.1 mM MMS induced similar levels of γH2AX foci in EM-C11 and PARPi-treated CHO-9 cells as 0.5 and 1.5 mM MMS in WT cells ([Fig. 1 F](#fig1){ref-type="fig"}), suggesting that SSBs at disrupted BER sites cause DSBs. We then studied T02-M5 and T02-M9 cells, which overexpress MPG after transfection with an MPG expression vector. In these cells, the initial step of BER is up-regulated, leading to elevated SSB frequencies ([@bib32]; [@bib18]). T02-M5 and T02-M9 cells showed higher levels of MMS-induced γH2AX foci than control cells ([Fig. 1 G](#fig1){ref-type="fig"}). The increase was higher in T02-M9 than in T02-M5 cells, consistent with their higher MPG level (12-fold vs. twofold elevated compared with WT cells; [@bib32]). XRCC1-deficient EM-C11 and MPG-overexpressing T02-M5 and T02-M9 G2-phase cells also showed higher γH2AX foci numbers than their corresponding WT cells in G2 ([Fig. S2, A and B](http://www.jcb.org/cgi/content/full/jcb.201312078/DC1){#supp2}), consistent with a model that two disrupted or imbalanced BER processes close to each other on opposite DNA strands can cause DSBs ([@bib18]; [@bib38]). Together, these findings demonstrate that imbalanced BER causes DSB formation in S phase and, to a minor extent, in G2 phase.

The formation of DSBs after MMS requires MPG activity
-----------------------------------------------------

Although the findings above establish that DSBs are formed when disrupted or imbalanced BER processes interfere with replication, they do not reveal the process by which DSBs are generated in WT cells with normal, unperturbed BER activity. To address this question, we analyzed MPG-defective cells, which do not remove MMS-induced *N*-methylpurines from DNA and, therefore, do not execute BER. Strikingly, MPG^−/−^ MEFs showed almost no γH2AX foci induction after MMS in S phase ([Fig. 2 A](#fig2){ref-type="fig"}) or G2 phase (Fig. S2 C). The same result was obtained after MPG depletion by siRNA in S-phase ([Fig. 2 B](#fig2){ref-type="fig"}) and G2-phase (Fig. S2 D) A549 cells and was confirmed with several independent MPG siRNAs ([Fig. S3 A](http://www.jcb.org/cgi/content/full/jcb.201312078/DC1){#supp3}). We then asked if γH2AX foci arise slowly in MPG-deficient cells and analyzed the formation and repair of γH2AX foci for up to 16 h after MMS treatment (cell cycle progression of EdU-positive cells after MMS treatment is monitored in [Fig. 2 C](#fig2){ref-type="fig"}). We had previously established that γH2AX foci kinetics after MMS show a biphasic course with an increase in foci number during the first hours after MMS removal followed by a period with continuously decreasing foci levels ([@bib46]). Whereas this time course was clearly observed in WT cells, only a small increase in foci number was detected in MPG^−/−^ MEFs and MPG-depleted A549 cells, and foci levels clearly stayed below those of WT cells during the entire post-incubation period ([Fig. 2, D and E](#fig2){ref-type="fig"}). The lower level of MMS-induced DSBs in MPG^−/−^ MEFs was confirmed by the neutral comet assay (Fig. S3 B). Because repair of MMS-induced DSBs requires homologous recombination (HR; [@bib46]), we analyzed γH2AX foci after depletion of Rad51 to determine the total number of DSBs formed in WT and MPG-deficient cells. After Rad51 depletion, both WT and MPG-deficient cells failed to repair γH2AX foci, and MPG-deficient cells exhibited substantially fewer γH2AX foci than WT cells ([Fig. 2, D and E](#fig2){ref-type="fig"}). The same was observed after treatment with a specific Rad51 inhibitor (Fig. S3, D and E).

![**The formation of DSBs after MMS requires MPG activity.** (A) γH2AX foci in WT and MPG^−/−^ MEFs. Cells were treated with 10 µM EdU and different concentrations of MMS for 1 h. 15 min after removing EdU/MMS, cells were fixed and stained against γH2AX and EdU. γH2AX foci were assessed in EdU-positive S-phase cells (±SEM from three experiments). (B) γH2AX foci in A549 cells after siRNA for 72 h. Cells were treated and analyzed as in A (±SEM from three experiments). Efficient siRNA depletion was confirmed by Western blotting; GAPDH was used as a loading control. (C) Cell cycle distribution of A549 cells treated with siControl after 1 mM MMS monitored by measuring the EdU and the DAPI signal with the Metafer Scanning System (Metasystems). The data presented are from a single representative experiment out of three repeats; in each blot the distribution of 2,000 cells is shown. In exponentially growing A549 cells, a fraction of ∼40% was EdU positive; this fraction was neither affected by transfection with siRNA nor by the MMS treatment. In WT and MPG^−/−^ MEFs the fraction of EdU-positive cells was 20--25%. (D) γH2AX foci kinetics in WT and MPG^−/−^ MEFs. Cells were treated with siRNA and, 48 h later, treated with EdU and 1 mM MMS for 1 h. After removing EdU/MMS, cells were fixed at the indicated times and γH2AX foci were analyzed in EdU-positive S/G2 cells (C, green ovals). EdU-positive G1 cells (red ovals) were excluded from analysis (±SEM from three experiments). Efficient depletion of Rad51 was confirmed by Western blotting (B). α-Tubulin was used as a loading control. (E) γH2AX foci kinetics in siRNA-treated A549 cells. Cells were treated with siRNA and, 48 h later, analyzed as in D (±SEM from three experiments). Western blots for Rad51 depletion and for co-depletion of Rad51 and MPG are shown in [Fig. S3 C](http://www.jcb.org/cgi/content/full/jcb.201312078/DC1){#supp4}. (F) γH2AX foci in XRCC1-depleted WT and MPG^−/−^ MEFs. 48 h after transfection with siRNA, cells were treated with EdU and 0.5 mM MMS for 1 h. Cells were fixed 4 h after removing EdU/MMS and γH2AX foci were analyzed in EdU-positive S-phase cells (±SEM from four experiments). Efficient depletion of XRCC1 was confirmed by Western blotting ([Fig. S3 C](http://www.jcb.org/cgi/content/full/jcb.201312078/DC1){#supp5}). (G) γH2AX foci in WT and MPG^−/−^ MEFs treated with PARPi. Cells were treated with 15 µM PARPi and 1 h later EdU and 0.5 mM MMS were added for an additional hour. 4 h after removing the drugs, the cells were fixed and γH2AX foci were analyzed in EdU-positive S-phase cells (±SEM from three experiments). \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JCB_201312078R_Fig2){#fig2}

We then analyzed the formation of γH2AX foci in XRCC1-depleted MPG^−/−^ MEFs. Although depletion of XRCC1 increased foci numbers in WT MEFs treated with MMS, this was not observed in MPG^−/−^ MEFs ([Fig. 2 F](#fig2){ref-type="fig"}). Similar results were obtained for WT and MPG^−/−^ MEFs treated with PARPi ([Fig. 2 G](#fig2){ref-type="fig"}), indicating that a XRCC1 or PARP1 deficiency has no impact in the absence of MPG. Together, these results establish that DSBs after MMS treatment arise when normal, unperturbed BER processes interfere with replication.

MMS-induced S-phase delay involves distinct processes in WT and XRCC1-deficient cells
-------------------------------------------------------------------------------------

A characteristic effect of MMS treatment is delayed S-phase progression. However, it is unclear if the delay represents an active checkpoint-mediated process ([@bib8]) or rather a passive process caused by replication fork blockage at MMS-induced base lesions ([@bib25]). We used flow cytometry to compare the cell cycle progression of XRCC1-deficient EM-C11 and CHO-9 WT cells. We treated cells for 1 h with 1.5 mM MMS and BrdU to label S-phase cells and followed the progression of these cells through the cell cycle over 16 h ([Fig. 3 A](#fig3){ref-type="fig"}). Consistent with previous findings ([@bib25]), we observed a significant S-phase delay in WT cells after 1.5 mM MMS. The delay was much stronger in EM-C11 cells ([Fig. 3 B](#fig3){ref-type="fig"}), demonstrating that persisting BER intermediates can induce a strong cell cycle arrest. To investigate if the S-phase delay represents an active checkpoint response, we treated cells with 5 mM of caffeine before MMS, which inhibits the checkpoint signaling kinases ATM and ATR. Consistent with previous studies ([@bib25]), we detected a small delay in S-phase progression by caffeine alone. MMS-treated CHO-9 cells were unaffected by caffeine treatment, indicating that the MMS-induced S-phase delay in WT cells is largely independent of checkpoint signaling. In contrast, caffeine exerted a strong effect on MMS-treated EM-C11 cells, which progressed through S-phase similar to WT cells treated with MMS and caffeine ([Fig. 3 B](#fig3){ref-type="fig"}). Similar results were obtained after treatment with 0.1 mM MMS ([Fig. S4 A](http://www.jcb.org/cgi/content/full/jcb.201312078/DC1){#supp6}). The observation that the pronounced S-phase delay in XRCC1-deficient cells is abolished after ATM/ATR inhibition indicates that it represents an active checkpoint response, likely arising from the high amount of induced DSBs. We also analyzed the cell cycle progression of MPG-deficient cells, which did not show significant DSB induction upon MMS treatment. MPG-depleted A549 cells showed an S-phase delay similar to WT cells ([Fig. 3 C](#fig3){ref-type="fig"}), and MPG^−/−^ MEFs were only slightly less delayed compared with WT MEFs ([Fig. 3 D](#fig3){ref-type="fig"}). In conclusion, the strong checkpoint response in XRCC1-deficient cells is likely caused by the high amount of DSBs, whereas the comparatively lower level of DSBs formed in WT cells does not seem to contribute significantly to their S-phase delay.

![**MMS-induced S-phase delay involves distinct processes in WT and XRCC1-deficient cells.** (A and B) Cell cycle progression in CHO-9 (WT) and EM-C11 (XRCC1-deficient) cells analyzed by FACS. Cells were treated with 10 µM BrdU and 1.5 mM MMS for 1 h and fixed at the indicated times after removing BrdU/MMS. 5 mM caffeine was added 1 h before MMS addition and was present until fixation. Representative FACS blots are shown in A. Red rectangles mark BrdU-positive cells. The frequency of BrdU-positive cells in S phase was calculated (B, ±SEM from three experiments). (C) S-phase progression in A549 cells treated with siRNA for 72 h. Cells were treated with 10 µM BrdU and 1 mM MMS for 1 h and fixed at the indicated times after removing BrdU/MMS (±SEM from three experiments). (D) S-phase progression in WT and MPG^−/−^ MEFs. Cells were treated and analyzed as in C (±SEM from three experiments).](JCB_201312078_Fig3){#fig3}

SCEs after MMS arise from BER-dependent and -independent processes
------------------------------------------------------------------

DNA base methylation by MMS induces SCEs, but the underlying process is unclear ([@bib34]). We have previously shown that DSBs induced by MMS are repaired via HR ([@bib46]), a process that might result in SCEs ([@bib44]). Another model is that MMS-induced methylated bases block replication forks ([@bib35]; [@bib21]; [@bib25]), which are then reactivated by HR ([@bib51]) and form SCEs. To characterize SCE formation after MMS, we first analyzed SCEs in CHO-9 WT and XRCC1-deficient EM-C11 cells after 0.05 mM MMS. This concentration of MMS, which induced a significant number of DSBs in EM-C11 but not in CHO-9 cells (see [Fig. 1 F](#fig1){ref-type="fig"}), induced only a few SCEs in CHO-9 but many SCEs in EM-C11 cells ([Fig. 4, A and B](#fig4){ref-type="fig"}). Notably, even untreated EM-C11 cells showed high SCE levels, which likely result from the incubation with BrdU, an essential technical step to visualize SCEs ([@bib14]; [@bib9]). These data suggest that SCEs induced by MMS in EM-C11 cells arise from the high level of SSBs. We next analyzed SCEs in WT and MPG-deficient cells after 0.5 and 1 mM MMS. Interestingly, MPG^−/−^ MEFs and MPG-depleted A549 cells showed SCE levels only slightly lower than WT cells ([Fig. 4, C and D](#fig4){ref-type="fig"}; and Fig. S4 B), although their γH2AX foci levels were dramatically reduced (see [Fig. 2](#fig2){ref-type="fig"}). We conclude from the similar (or only slightly different) SCE levels in WT and MPG^−/−^ MEFs that SCE formation does not necessarily require BER, and from the high SCE level in XRCC1-deficient cells that SSBs induced during BER can also trigger SCE formation.

![**SCEs after MMS arise from BER-dependent and -independent processes.** (A and B) SCEs in CHO-9 (WT) and EM-C11 (XRCC1-deficient) cells. After BrdU labeling, cells were treated with 0.05 mM MMS for 1 h. Caffeine and colcemid were added at 12 h after MMS and samples were harvested 2 h later (B; ±SEM from 3--4 experiments). A representative image of a mitotic EM-C11 cell after 0.05 mM MMS is shown in A. For statistical analysis, SCEs after MMS were compared with the untreated controls. (C) SCEs in WT and MPG^−/−^ MEFs. After BrdU labeling, cells were treated with 1 mM MMS for 1 h. Caffeine and colcemid were added at 24 h after MMS and samples were harvested 2 h later (±SEM from 3--5 experiments). (D) SCEs in A549 cells after siRNA for 72 h. After BrdU labeling, cells were treated with 1 mM MMS for 1 h. Caffeine and colcemid were added at 20 h after MMS and samples were harvested 2 h later (±SEM from three experiments). The analysis times after MMS treatment (24--26 h for MEFs and 20--22 h for A549 cells) were chosen such that cells in early S phase or late G1 phase at the time of MMS treatment had progressed into mitosis. Thus, this approach analyzed cells that had traversed a full S phase. \*\*\*, P \< 0.001.](JCB_201312078_Fig4){#fig4}

DSBs formed after MMS at BER intermediates cause chromosomal aberrations
------------------------------------------------------------------------

We have shown that DSBs after MMS arise in a replication-dependent manner when replication forks encounter BER intermediates. We next asked whether these DSBs cause chromosome breakage, examples of which are shown in [Fig. 5 A](#fig5){ref-type="fig"}. After 0.05 mM MMS, XRCC1-deficient EM-C11 cells showed a substantial level of chromatid breaks, whereas no significant break induction was detected in WT cells at this low concentration ([Fig. 5 B](#fig5){ref-type="fig"}). This indicates that chromatid breaks arise from unrepaired DSBs, which are much more frequent in EM-C11 than in CHO-9 cells (see [Fig. 1 F](#fig1){ref-type="fig"}). Consistent with the lower level of γH2AX foci, we detected a decreased frequency of chromatid breaks in MPG^−/−^ MEFs and MPG-depleted A549 cells treated with 0.5 or 1 mM MMS ([Fig. 5, C--E](#fig5){ref-type="fig"}), demonstrating that the initiation of BER is required for chromosome breakage after MMS. To further substantiate this finding, we assessed chromatid breaks in MPG^−/−^ MEFs treated with PARPi. Although WT MEFs showed highly elevated break levels after treatment with MMS and PARPi reminiscent of XRCC1-deficient cells, PARPi had only a modest impact in MPG^−/−^ MEFs ([Fig. 5 D](#fig5){ref-type="fig"}). We further analyzed Rad51-depleted cells showing elevated levels of MMS-induced chromatid breaks that were substantially rescued by co-depletion of MPG ([Fig. 5 E](#fig5){ref-type="fig"}). We finally analyzed γH2AX foci after MMS in mitotic cells and observed results similar to chromatid breaks ([Fig. 5, F and G](#fig5){ref-type="fig"}).

![**DSBs formed after MMS at BER intermediates cause chromatid breaks.** (A) Representative images of MMS-induced chromosomal aberrations in PARPi-treated WT and MPG^−/−^ MEFs (14 h after 0.5 mM MMS). Chromatid breaks and chromatid-type translocations are marked by red and green arrows, respectively. Chromatid breaks were analyzed in (B) CHO-9 (WT) and EM-C11 (XRCC1-deficient) cells, (C and D) WT and MPG^−/−^ MEFs with or without PARPi, and (E) siRNA-treated A549 cells. Data in B, C, and E were obtained from the experiments performed for [Fig. 4, B, C, and D](#fig4){ref-type="fig"}. For D, 15 µM PARPi was added 1 h before MMS and was only present until the end of the MMS treatment. Therefore, PARPi had only an impact on cells in S phase. The analysis times for D (6--8 h for untreated cells and 8--10 h or 12--14 h for MMS-treated cells) were chosen such that cells in S phase at the time of MMS treatment had progressed into mitosis. (F and G) γH2AX foci in mitotic A549 cells after siRNA for 72 h. Cells were treated with 1 mM MMS for 1 h and caffeine was added at 20 h after MMS. 2 h later, samples were fixed and stained against γH2AX and pH3. γH2AX foci were assessed in mitotic cells (F); a representative image for foci in mitotic cells is shown in G (±SEM from 3--5 experiments). \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JCB_201312078_Fig5){#fig5}

Because unrepaired DSBs can illegitimately rejoin to form chromosomal rearrangements, a hallmark of induced clastogenicity ([@bib7]), we finally analyzed the occurrence of chromatid-type translocations in the first mitosis after MMS treatment (examples shown in [Fig. 5 A](#fig5){ref-type="fig"}). Similar to chromatid breaks and γH2AX foci in mitotic cells, we observed substantially elevated levels of MMS-induced translocations in XRCC1-deficient EM-C11 cells ([Fig. 6 A](#fig6){ref-type="fig"}) and decreased levels of translocations in MPG^−/−^ MEFs and MPG-depleted A549 compared with WT cells ([Fig. 6, B--D](#fig6){ref-type="fig"}). WT MEFs treated with PARPi showed highly elevated translocation levels reminiscent of XRCC1-deficient cells, but PARPi had only a modest impact in MPG^−/−^ MEFs ([Fig. 6 D](#fig6){ref-type="fig"}). Overall, our data demonstrate that the formation of chromatid breaks and translocations after MMS depends on DSBs that arise in a BER- and replication-dependent manner.

![**DSBs formed after MMS at BER intermediates cause translocations.** Chromatid-type translocations in (A) CHO-9 (WT) and EM-C11 (XRCC1-deficient) cells, (B) WT and MPG^−/−^ MEFs, (C) siRNA-treated A549 cells, and (D) PARPi-treated WT and MPG^−/−^ MEFs. Data in panels A--C were obtained from the experiments performed for [Fig. 4, B--D](#fig4){ref-type="fig"}. Data in D were obtained from the experiments performed for [Fig. 5 D](#fig5){ref-type="fig"} (±SEM from 3--5 experiments). \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JCB_201312078_Fig6){#fig6}

DSB formation after MMS requires SSB induction
----------------------------------------------

Having established that DSBs after MMS arise when normal, unperturbed BER processes interfere with replication, we finally wished to characterize the BER intermediate(s) causing DSB formation. Because XRCC1-deficient and PARP1-inhibited cells exhibited both elevated unrepaired SSBs and high levels of DSBs, we addressed the possibility that SSB formation during normal BER processes might underlie the induction of DSBs in WT cells. SSB formation during BER is mediated by APE1 cleavage at AP sites, and Polβ is the first enzyme operating on the SSB lesion. Thus, we investigated cells unable to cleave AP sites and cells deficient in Polβ. Strikingly, DSB induction immediately after MMS treatment was nearly abolished in WT cells treated with methoxyamine (MX), an agent that binds AP sites to prevent them from cleavage by APE1 ([@bib36]), but highly elevated in Polβ^−/−^ MEFs ([Fig. 7, A and B](#fig7){ref-type="fig"}). Moreover, even the highly elevated level of γH2AX foci in PARP1-inhibited cells was almost completely rescued by MX ([Fig. 7, B and C](#fig7){ref-type="fig"}). These data provide strong evidence that SSB formation during BER underlies the induction of DSBs. Further, it shows that AP sites, which accumulate in cells treated with APE1 inhibitors ([@bib54]), do not cause immediate DNA breakage. Of note, we and others have observed that persistent inhibition of APE1 cleavage results in delayed expression of DSBs (unpublished data; [@bib61]). However, this likely occurs by replication fork collapse after prolonged stalling at AP sites, whereas WT cells show DSB formation immediately after MMS treatment.

![**DSB formation after MMS requires SSB induction.** (A) γH2AX foci in Polβ^+/+^ and Polβ^−/−^ MEFs. Cells were treated with 10 µM EdU and different concentrations of MMS for 1 h. 15 min after removing EdU/MMS, cells were fixed and stained against γH2AX and EdU. γH2AX foci were assessed in EdU-positive S-phase cells (±SEM from three experiments). In Polβ^−/−^ MEFs treated with 1.5 mM MMS, γH2AX foci numbers were too high for exact enumeration. (B and C) γH2AX foci after treatment with MMS and methoxyamine (MX). Where indicated, A549 cells were treated with 6 mM MX, 15 µM PARPi, or both for 1 h before 10 µM EdU and 1 mM MMS were added for an additional hour. 15 min after removing the drugs, cells were fixed and stained against γH2AX and EdU. γH2AX foci were assessed in EdU-positive S-phase cells (B, ±SEM from two experiments). Representative images of MMS-treated A549 cells with and without MX are shown in C. \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JCB_201312078_Fig7){#fig7}

Discussion
==========

Despite intensive research since the first reports on clastogenic effects of MMS ([@bib24]; [@bib43]), it is still unclear how DNA and chromosome breakage arise after exposure to methylating agents. As DNA methylation does not directly cause DNA breakage, it was proposed that methylated base adducts lead to the formation of DSBs during replication, but the mechanism by which this occurs remained elusive. Evidence for the formation of DSBs after methylation damage was provided with the neutral comet assay ([@bib2]), an approach with limited suitability for a cell cycle--specific quantification of DSBs. This can be achieved with the γH2AX assay, and first studies provided evidence for H2AX phosphorylation ([@bib50]; [@bib68]) and γH2AX foci formation after MMS treatment ([@bib46]). However, it remained unclear if γH2AX foci represent DSBs or other structures such as stalled replication forks. Here, we demonstrate that MMS-induced γH2AX foci arise during S phase in a manner dependent on replication, and provide evidence that these foci exclusively mark DSBs. Most importantly, we show that the occurrence of DSBs, chromatid breaks, and translocations after methylation damage depends on the level of BER activity: if SSBs are formed but not repaired, DSBs and chromosomal aberrations increase dramatically; if BER is not initiated, they are strongly reduced. We propose that DSBs after methylation damage arise when replication forks encounter SSBs induced during BER. The data leading to this model are discussed below.

γH2AX foci after methylation damage represent DSBs and not stalled replication forks
------------------------------------------------------------------------------------

Experiments using the DNA fiber assay revealed that all active replication forks are stalled after MMS concentrations similar to those used in our study ([@bib25]). Interestingly, the number of replication forks active at any given time during S phase largely exceeds the number of 40--50 γH2AX foci induced under these treatment conditions ([@bib40]), suggesting that γH2AX foci form at structures other than stalled replication forks. Moreover, the generation of γH2AX foci is largely abolished in cells defective in the initial step of BER, although such cells are expected to show the same level of (or even more) replication fork stalling at methylated base adducts as control cells. Furthermore, we observed that the majority of γH2AX foci colocalize with pATM foci ([@bib46]) and that ATM is activated after MMS treatment (Fig. S1, A--C), a finding consistent with a previous study ([@bib17]). Because ATM responds to DSBs and stalled replication forks do not directly activate ATM ([@bib37]), these results support the notion that MMS-induced γH2AX foci represent DSBs. This was finally confirmed by studying γH2AX foci formation after treatment with HU. In these experiments, we observed a strong pan-nuclear γH2AX signal but no formation of γH2AX foci in S-phase cells after 2 h of HU, a treatment period known to transiently arrest replication forks without DSB induction ([@bib55]; [@bib51]). In contrast, we detected robust γH2AX foci formation in a Mus81-dependent manner after 24 h of HU, which is known to cause replication fork collapse and DSB formation ([@bib55]; [@bib28]; [@bib25]). Together, these results demonstrate that stalled replication forks produce a pan-nuclear γH2AX signal but no γH2AX foci, the latter being exclusively formed at DSBs.

DSBs and chromosomal aberrations arise after methylation damage when replication forks encounter BER intermediates
------------------------------------------------------------------------------------------------------------------

The prevailing model of how replication-dependent DSBs and chromosomal aberrations arise after methylation damage involves replication fork stalling and collapse at methylated base adducts, similar to the mechanism of DSB formation after prolonged HU treatment ([@bib55]; [@bib51]). However, our observation that γH2AX foci form within minutes after MMS treatment argues against this model. Moreover, XRCC1-deficient and PARPi-treated cells, both of which accumulate SSBs during BER, showed highly elevated levels of γH2AX foci and chromosomal aberrations compared with WT cells ([@bib67]; [@bib63]). But most importantly, γH2AX foci formation is nearly absent if BER initiation is suppressed by MPG depletion or if SSB formation is abolished by preventing cleavage of AP sites. Under such conditions, even a deficiency in XRCC1 or PARP1 activity does not significantly increase foci levels. The reduced γH2AX foci level in MPG-depleted cells is observed from S phase through G2 and into mitosis, and parallels the reduced level of DSBs measured by the comet assay as well as the reduction in chromosomal aberrations. The elevated levels of γH2AX foci and chromosomal aberrations in Rad51-depleted cells are reduced after MPG depletion, demonstrating that HR is involved in repairing DSBs generated at BER sites. The few MMS-induced γH2AX foci and chromosomal aberrations detected in MPG-deficient cells likely result from spontaneous hydrolysis of the methylated bases and subsequent AP endonuclease cleavage at the abasic sites ([@bib66]). Finally, increased γH2AX foci levels are observed in MPG-overexpressing cells. In summary, our data with MPG-defective and -overexpressing cells show that DSBs and chromosomal aberrations arise at BER intermediates. Based on (1) the elevated SSB and DSB levels in cells deficient in XRCC1, Polβ, or PARP1 activity and (2) the lack of SSB and DSB formation at uncleaved AP sites, we suggest that DSBs after methylation damage might form by replication fork run-off at SSB sites generated during BER, similar to the mechanism suggested for the generation of DSBs at topoisomerase I cleavage complexes ([@bib60]). We would like to note in this context that SSBs induced during BER might arise within a complex of BER proteins and could therefore be different from SSBs induced by ionizing radiation or reactive oxygen species. It is possible that such an SSB--protein complex represents a structure that is particularly vulnerable upon collision with the replication fork.

We would like to note that retinal cell degeneration as well as toxicity in other organs was reported to be reduced in MPG knockout compared with WT mice, suggesting that BER drives the process of toxicity in specific organs after treatment of animals with MMS ([@bib41]; [@bib12]). However, the observed tissue-specific toxicity is not directly related to cell proliferation because it was observed in proliferating as well as in nonproliferating tissue. Further, PARP1 depletion was shown to reduce toxicity, consistent with a model that PARP1 activation during BER leads to ATP depletion and cell death by necrosis ([@bib12]). In contrast, we observed that DSBs arise almost exclusively in replicating cells and show that PARP1-inhibited cells exhibit elevated levels of DSBs and chromosomal aberrations. Thus, the mechanism by which chromosomal instability arises appears to be different from the mechanism leading to organ-specific toxicity in the mice models referred to above.

SCE formation and S-phase delay after methylation damage does not require BER
-----------------------------------------------------------------------------

Although the formation of chromosomal aberrations after MMS requires BER, this is not necessarily the case for SCE formation. MPG-deficient cells unable to initiate BER showed SCE levels only slightly reduced compared with WT cells, demonstrating that SCEs can form by BER-independent processes. We propose that SCEs arise from replication forks stalled at replication-blocking adducts such as N3-MeA ([@bib35]; [@bib21]). It has been suggested that the two main pathways to overcome a replication block are translesion synthesis (TLS) and fork regression, the latter process leading to the formation of a chicken foot structure ([@bib30]). When replication is resumed, a subset of these chicken foot structures is converted into active replication forks by an HR-mediated process ([@bib51]). HR-mediated repair of single-stranded gaps generated by a blocking lesion on the lagging strand might additionally contribute to SCE formation independently of BER ([@bib29]; [@bib30]). However, SCEs can also arise at SSBs induced during BER, as suggested by the high SCE frequency in XRCC1-deficient cells ([@bib62]; [@bib56]).

Similar to SCEs but in contrast to chromosomal aberrations, the characteristic S-phase delay of MMS-treated cells does not require the generation of DSBs. First, the ATM/ATR inhibitor caffeine, which completely abolishes checkpoint signals from DSBs, did not significantly impact on S-phase progression after MMS. Second, we observed a similar S-phase delay in MPG-deficient and WT cells. The lack of an impact of DSBs on S-phase progression after DNA methylation damage is consistent with a recent study using the DNA fiber assay, which demonstrated a checkpoint-independent S-phase delay after MMS treatment ([@bib25]). In contrast to WT cells, we observed a pronounced S-phase arrest in XRCC1-deficient cells, which was abolished in the presence of caffeine. Together, this indicates that DSBs can cause S-phase delay by an active checkpoint response, but direct replication stalling by methylated bases covers the impact of DSB checkpoint signaling in WT cells.

Conclusion
----------

Here, we rigorously modulated different BER steps and found that γH2AX foci arise after DNA methylation damage when replication forks interfere with SSBs induced during BER. We present evidence that these γH2AX foci mark DSBs and demonstrate that they are responsible for the formation of chromosomal aberrations. In contrast, SCEs and delayed S-phase progression do not require DSB formation and can arise independently of BER, likely as a result of the presence of small replication-blocking lesions such as 3-MeA ([Fig. 8](#fig8){ref-type="fig"}). In extension of our findings to other genotoxic agents, we propose that the process of replication fork collision at SSBs induced during BER is not restricted to DNA methylation damage but might occur at many if not all DNA lesions repaired by BER, including oxidative base damage. According to this model, BER is a double-edged sword: it is required for removing deleterious lesions from DNA and, after collision with the replication process, it can result in DSBs and chromosomal aberrations. A tight regulation between BER and replication is therefore important to minimize the collision of replication forks with BER intermediates. If BER is de-regulated, chromosomal instability can arise, which is frequently observed in transgenic mouse models and cancer cells.

![**Methylated base adducts and BER intermediates interfering with replication cause distinct effects.** MMS-induced N3-MeA can block replication forks (here shown for a lesion on the leading strand). Such stalled forks are mainly responsible for the strong S-phase delay after MMS. Different mechanisms exist to overcome such a blockage, with translesion synthesis being one of the predominant pathways that is not associated with SCE formation. Another process is fork regression, which leads to the formation of a chicken foot structure that can be resolved by an HR-mediated process associated with SCE formation. HR-mediated repair of single-stranded gaps, which are formed at methylated base adducts blocking lagging strand synthesis, might also contribute to SCE formation (not depicted in the model). The majority of methylated base lesions induced by MMS is repaired by BER, which is initiated by MPG. Upon interference of replication forks with SSBs induced during BER, one-ended DSBs are generated, which give rise to the formation of γH2AX foci. If unrepaired or mis-repaired, such one-ended DSBs cause chromatid breaks or translocations, respectively. Thus, one-ended DSBs arising in a BER-dependent manner are responsible for the formation of chromosomal aberrations after methylation damage. BER-induced SSBs can also lead to SCE formation.](JCB_201312078_Fig8){#fig8}

Materials and methods
=====================

Cell lines and culture
----------------------

XRCC1-deficient EM-C11 cells were derived from CHO-9 cells and do not express functional XRCC1 proteins due to a missense mutation in the XRCC1 gene ([@bib57]). MPG-overexpressing T02-M5 and T02-M9 cells were obtained using the expression vector pEZ-1 that was constructed from a pGB4 vector and the human MPG cDNA sequence in the plasmid pPG23 ([@bib16]; [@bib32]). pGB4 is a high-level expression vector for mammalian cells under the control of LTR promoter of WNB5 ectopic mouse leukemia virus ([@bib15]). MPG^−/−^ MEFs were generated from MPG knockout mouse embryos. The MPG knockout mice strains were generated using gene targeting in mouse embryonic stem cells and harboring an MPG gene lacking exon 1 and 2 ([@bib20]). Polβ^−/−^ MEFs were provided by [@bib58], who generated this cell line using transgenic mice with a heterozygous germline deletion mutation of the promoter and the first exon of the Polβ gene ([@bib27]). The transformed cell lines were established by transfection with an expression vector for the SV40 large-T antigen ([@bib58]). ATR-deficient F02-98 hTert cells are hTert-immortalized fibroblasts that were derived from a patient with Seckel syndrome. These cells harbor a point mutation in exon 9, leading to the expression of a truncated ATR protein (lacking exon 9). To a small amount, functional ATR is expressed as well ([@bib48]).

XRCC1-deficient EM-C11 cells and their corresponding parental WT cell line CHO-9, as well as MPG-overexpressing T02-M5 and T02-M9 cells with their corresponding WT cell line CHO-9 neo, were cultured in RPMI-1640 supplemented with 10% FBS and penicillin/streptomycin. G418 was added at a concentration of 1.5 mg/ml for CHO-9 neo, T02-M5, and T02-M9 cells. Human A549 cells and WT, MPG^−/−^, and Polβ^−/−^ MEFs were cultured in DMEM supplemented with 10% FBS and penicillin/streptomycin. The ATR-deficient cell line F02-98 hTert was cultured in MEM Earle's medium supplemented with 20% FBS and penicillin/streptomycin. All cell lines were incubated at 37°C in a humidified atmosphere with 5% CO~2~.

siRNA transfection was performed using HiPerFect Transfection Reagent (QIAGEN) following the manufacturer's instructions. The following siRNA oligonucleotides were obtained from QIAGEN: 5′-AATTCTCCGAACGTGTCACGT-3′ for siControl, 5′-CACCGCCAGCCGTGTCCTCAA-3′ for siMPG, 5′-CAACCGAGGCATGTTCATGAA-3′ for siMPG 2, 5′-ACCGCAGCATCTATTTCTCAA-3′ for siMPG 3, 5′-CCTGTACGTGTACATCATTTA-3′ for siMPG 4, 5′-AAGGGAATTAGTGAAGCCAAA-3′ for siRad51, 5′-CCCGGTGGATCTACAGTTGTA-3′ for siXRCC1, 5′-TACACACAAGAGTTTAATAAA-3′ for siXRCC1 2, and 5′-AACAGCCCTGGTGGATCGATA-3′ for siMus81.

Genotoxic treatment
-------------------

MMS (Sigma-Aldrich) was diluted in sterile distilled water to 100 mM and added to the cell culture medium to a final concentration between 0.05 and 2.5 mM. Cells were treated with MMS for 1 h, the medium was removed, and cells were washed with PBS before fresh medium was added. HU (Sigma-Aldrich) was diluted in sterile distilled water to 100 mM and used at a final concentration of 0.5 mM. Aphidicolin (EMD Millipore) was diluted in DMSO and used at a final concentration of 1 µM. The ATM and ATR inhibitor caffeine (Roth) was diluted in PBS and used at a final concentration of 5 mM. The specific ATM inhibitor KU55933 and DNA-PK inhibitor NU7026 (Kudos Pharmaceuticals) were diluted in DMSO and used at a final concentration of 10 µM or 20 µM, respectively. The Rad51 inhibitor B02 (EMD Millipore) was diluted in DMSO and used at a final concentration of 60 µM. The PARP inhibitor (PJ34; EMD Millipore) was diluted in DMSO and used at a final concentration of 15 µM. PARPi was added 1 h before MMS and was removed together with MMS. Methoxyamine (Sigma-Aldrich) was diluted in sterile distilled water and used at 6 mM.

Immunofluorescence microscopy
-----------------------------

For γH2AX/EdU immunofluorescence analysis, cells were seeded on coverslips and cultured for 2 d. Then, cells were treated for 1 h with 10 µM EdU (Invitrogen) and with different concentrations of MMS when indicated. After recovery times of 15 min to 16 h, cells were fixed in 2% formaldehyde as described previously ([@bib53]). For γH2AX staining, samples were incubated with a primary mouse anti--phospho-H2AX antibody (05-636; EMD Millipore) overnight at 4°C and with an Alexa Fluor 488--conjugated secondary antibody (Molecular Probes) for 1 h at room temperature. To stain EdU, the Invitrogen EdU staining kit was used following the manufacturer's instructions. If γH2AX foci were analyzed in mitosis, cells were additionally stained against pH3 using a primary rabbit anti--phospho-H3 antibody (EMD Millipore) and an Alexa Fluor 594--conjugated secondary antibody (Molecular Probes). In all assays, nuclei were stained with DAPI (0.2 µg/ml in PBS). In at least three independent experiments, γH2AX foci were counted in 40 EdU-positive cells. If γH2AX foci were analyzed in EdU-negative G1- and G2-phase cells, these cells were identified by quantifying the DAPI signal using the Metafer Scanning System (Metasystems). Analysis was performed on an inverted fluorescence microscope (Axiovert 200M; Carl Zeiss). As an objective, an EC Plan-Neofluar (100×; Carl Zeiss) with an NA of 1.3 was used with immersion oil. Imaging was performed at room temperature using a camera (AxioCam MRm; Carl Zeiss) and ISIS acquisition software (Metasystems). Images were processed using ImageJ (National Institutes of Health).

Flow cytometric analysis
------------------------

For the analysis of cell cycle progression after MMS treatment, exponentially growing cells were treated with 10 µM BrdU (Roche) and different concentrations of MMS for 1 h. Where indicated, 5 mM caffeine was added 1 h before the BrdU treatment. Cells were analyzed according to standard protocols. Cells were fixed with ice-cold 70% ethanol and permeabilized with 2 M HCl in PBS for 20 min. For BrdU staining, cells were incubated with 20 µl FITC-conjugated anti-BrdU monoclonal antibody (mouse; BD) for 30 min, followed by an incubation with 20 µg/ml propidium iodide containing 0.5 mg/ml RNase in PBS for 30 min at room temperature. Analysis was performed on a flow cytometer (Cytomics FC500; Beckman Coulter) using CXP software (Beckman Coulter). Regarding the BrdU-positive cells, the amount of cells in S phase was calculated for times up to 16 h after MMS treatment.

Chromosomal studies
-------------------

To analyze SCEs and chromosomal aberrations, cells were grown for two cell cycles in BrdU-containing medium before they were treated with MMS. Here, 1 µM BrdU was used for CHO cells and 10 µM for MEFs and A549 cells. 2 h before cells were fixed, 2 mM caffeine and 100 ng/ml colcemid (Sigma-Aldrich) were added. SCE staining was performed according to standard protocols for the FPG technique. In at least three independent experiments the number of SCEs, chromatid breaks (including chromatid gaps), and chromatid-type translocations (triradials, quatriradials, and ring chromosomes) was analyzed in at least 40 metaphase spreads. Because of the variable numbers of chromosomes in the different cell lines used, we normalized the data to 22 chromosomes in CHO cells, 60 chromosomes in A549 cells, and 70 chromosomes in MEFs.

Western blotting
----------------

Cells were washed with ice-cold PBS, collected with a cell scraper, and 150 µl lysis buffer (20 mM Tris-HCl, pH 8.5, 1 mM EDTA, 5% glycine, 20 mM PMSF, and 0.2 mM sodium orthovanadate) was added. Lysates were sonificated and protein concentration was determined by the Bradford assay (Bio-Rad Laboratories). Equal amounts of total protein lysate (5--15 µg) were resolved by SDS-PAGE using 11% gels. Proteins were then transferred to a nitrocellulose membrane and blocked for 1 h in 5% BSA/TBS-T or 5% low-fat milk in TBS-T. The incubation with primary antibodies was performed overnight at 4°C in 5% BSA/TBS-T or in 1% or 2.5% low-fat milk in TBS-T against the following proteins: MPG (rabbit, 155092, 1:10,000; Abcam), Rad51 (rabbit, 63801, 1:2,000; Abcam), XRCC1 (mouse, 1838, 1:1,000; Abcam), pKAP1 (rabbit, 3640-1, 1:10,000; Epitomics), pChk2 (rabbit, 2661, 1:1,000; Cell Signaling Technology), Mus81 (mouse, 53382, 1:1,000; Santa Cruz Biotechnology, Inc.), GAPDH (rabbit, 25778, 1:1,000; Santa Cruz Biotechnology, Inc.) and α-tubulin (mouse, 8035, 1:2,000; Santa Cruz Biotechnology, Inc.). Anti--mouse (goat, 1:1,000, in 5% low-fat milk in TBS-T; Santa Cruz Biotechnology, Inc.) or anti--rabbit (donkey, 1:1,000, in 5% low-fat milk in TBS-T; Dianova) IgG conjugated with horseradish peroxidase was used as a secondary antibody for 1 h at room temperature. The detection was performed using an ECL Western blot detection system (Roche) and a Chemi-Smart system (Vilber Lourmat).

Neutral comet assay
-------------------

Neutral version of the comet assay was performed as described previously with slight modifications ([@bib46]). In brief, exponentially growing WT- and MPG-deficient mouse fibroblasts were exposed to 1.0 mM MMS for 60 min, postincubated in fresh complete medium for the indicated time periods, trypsinized, resuspended in fresh medium, and centrifuged. The pellets were resuspended in ice-cold PBS. Cell suspension (15 µl) was embedded in 120 µl of low-melting point agarose (0.5% in dH~2~O at 37°C) onto agarose-coated (1.5% in PBS) and dried slides, then covered with coverslips to form microgels. After hardening, the coverslips were removed and the microgels were submersed for 1 h in precooled lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCl, and 1% sodium laurylsarcosine, pH 7.5), to which 1 h before use 1% Triton X-100 was added. Slides were electrophoresed in precooled neutral buffer (90 mM Tris, 90 mM boric acid, and 2 mM EDTA, pH 7.5) at 0.7 V/cm for 20 min at 4°C. Slides were rinsed in water, fixed in 100% ethanol, dried, and stained with 50 µg/ml propidium iodide. Stained slides were evaluated using a fluorescence microscope and Comet IV software (Perceptive Instruments). Data were expressed as tail factor, which represents the intensity of DNA in the tail. In each experiment 50 cells were analyzed. The data were normalized to the amount of replicating cells in the two tested cells lines.

Statistical analysis
--------------------

All data shown represent the mean values of at least three independent experiments; the error bars show the SEM between the experiments. Data were compared by *t* test with: \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; and N.S., not significant.

Online supplemental material
----------------------------

Fig. S1 shows that ATM is activated after MMS treatment and that MMS-induced DSBs are formed in a Mus81-independent manner. Fig. S2 shows the formation of MMS-induced γH2AX foci in G2-phase cells of different cell lines. Fig. S3 shows the formation of MMS-induced DSBs measured by γH2AX foci and by the comet assay in S-phase WT and MPG-deficient cells, as well as MMS-induced γH2AX foci in WT and MPG-deficient cells after Rad51 inhibition. Fig. S4 shows the cell cycle progression in CHO-9 (WT) and EM-C11 (XRCC1-deficient) cells after 0.1 mM MMS and SCE frequencies in WT and MPG-deficient cells after 0.5 mM MMS. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201312078/DC1>.
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